The effect of a magnetic domain wall on the electronic transport in disordered materials is studied in an exchange-coupled amorphous Gd 40 Fe 60 / Gd 10 Fe 90 bilayer. In this amorphous system, the size and the shape of an interfacial domain wall is controlled by an external magnetic field. Current-in-plane transport measurements are performed on single GdFe layers, Gd 40 Fe 60 / Gd 10 Fe 90 bilayer, and on a Gd 40 Fe 60 / Si/ Gd 10 Fe 90 trilayer where the Si layer prevents the formation of the interfacial magnetic domain wall. Different contributions to the resistance are evidenced. In all types of samples, a linear positive magnetoresistance contribution is observed at high field which can be linked to the amorphous structure of the GdFe alloys. The comparison between the bilayer and the trilayer allows to eliminate this contribution and evidences that anisotropic magnetoresistance is the main effect induced by the interfacial domain wall. Beyond the anisotropic magnetoresistance signal, a supplementary negative magnetoresistance is evidenced. The origin of this effect is discussed qualitatively using previous theoretical predictions on magnetotransport through a magnetic domain wall in disordered metals.
I. INTRODUCTION
Recent interest has grown concerning the interactions between a magnetic domain wall ͑DW͒ and a spin-polarized current due to fundamental discoveries opening fascinating perspectives for novel magnetic recording and device applications.
1,2 For high current density, current-induced DW motion has been evidenced and linked to the torque provided by the spins on the magnetization when electrons flow between regions with different magnetization directions. [3] [4] [5] For low spin-current density, the electronic spin flow is modified by the DW leading to additional resistance terms. Most of the previous experimental results concerning this last case have shown that a sufficiently thin DW generates an increase in resistivity. This effect originates from the incapacity of the spins to track the rotation of magnetic moments inside the wall, leading to a mixing of the two spin channels by spinflip scattering. 6, 7 Such GMR-type magnetoresistance has been observed in many systems such as films, 8, 9 wires, 10, 11 constrictions, 12 or exchange-coupled multilayers. 13 However, all of these studies involved crystalline or polycrystalline materials and, so far, no specific experimental study of the domain-wall influence on the magnetotransport in disordered systems has been done, although their transport properties are very different from the usual behaviors in crystalline materials.
In spite of many studies during the past half century, a complete understanding of transport mechanisms in disordered systems such as amorphous materials is still lacking because of the complexity and the wide spectrum of different tested materials.
14 Strong structural disorder results in two major effects on electronic-transport properties. 15, 16 First, electron-electron interactions are enhanced by the diffusive nature of the transport and the very short mean-free path ͑of the order of few Angstroms͒. Coherent quantum interferences between electrons lead to an increase in effective Coulomb-interactions time and, hence, to a conductivity correction, i.e., an increase in the resistance. 17, 18 Second, the reduction in the electronic-waves extension leads to a weak localization or a metal-insulator transition when the disorder is high enough. 19 Since both of these features are strongly affected by a magnetic field or changes in ferromagnetic order, specific magnetoresistive effects are expected for these materials. In particular, the influence of a magnetic domain wall on disordered system electrical resistance has been studied theoretically. [20] [21] [22] [23] Contrary to what has been observed so far in crystalline magnets, the introduction of a DW in disordered metals is believed to decrease the resistivity due to either electron-electron interference destruction 20 or weak localization suppression. [21] [22] [23] Exchange-coupled bilayers using rare-earth transitionmetal alloys, such as GdFe/TbFe, 24, 25 GdCo/Co, 26 DyFe 2 / YFe 2 , 13, 27 or Gd x Co 1−x / Gd y Co 1−y , 28 have been extensively used to study interfacial domain-wall ͑iDW͒ behaviors. In such bilayers, it is easy to control the size and the shape of a unique domain wall by applying an external magnetic field. This control has previously been used to elucidate some aspects of exchange bias. 25, 29 Here, we use an amorphous exchange-coupled Gd 40 Fe 60 / Gd 10 Fe 90 bilayer to study domain-wall-induced magnetotransport effects in disordered metal systems. Magnetotransport measurements have been performed on single GdFe layers, Gd 40 Fe 60 / Gd 10 Fe 90 bilayer and Gd 40 Fe 60 / Si/ Gd 10 Fe 90 trilayer, where the Si layer prevents any direct exchange coupling between the magnetic layers. The comparison between the different structures allows distinguishing different magnetoresistance phenomena. At high fields a positive linear magnetoresistance is always observed which originates from the sample amorphous structure. The rotation of the magnetization inside the interface domain wall is found to generate anisotropic magnetoresistance ͑AMR͒. After having geometrically suppressed the AMR component, a negative magnetoresistance remains that is coherent with the theoretical predictions concerning the effect of the domain wall on the diffusive transport of the electron inside amorphous GdFe alloys.
II. EXPERIMENTAL DETAILS
Gd 40 Fe 60 ͑30 nm͒ and Gd 10 Fe 90 ͑30 nm͒ ferrimagnetic amorphous layers were grown by coevaporation on substrates kept at 77 K, under high vacuum ͑less than 10 −8 mbar͒. For all temperatures up to 300 K, the gadolinium contribution to the magnetization is dominant in Gd 40 Fe 60 whereas the Gd 10 Fe 90 magnetization is parallel to the iron spin sub lattice. 30 For these two concentrations, no compensation point exists in the range from 300 to 5 K and the layers are purely amorphous, which is, for instance, no longer the case for Gd concentration less than 10% or higher than 90%. Two samples, Glass ʈ Gd 40 Fe 60 ͑30 nm͒ / Gd 10 Fe 90 ͑30 nm͒/Si ͑10 nm͒ and Glass ʈ Gd 40 Fe 60 ͑30 nm͒/Si ͑30 nm͒ / Gd 10 Fe 90 ͑30 nm͒/Si ͑10 nm͒, hereafter referred to as the coupled and uncoupled sample, respectively, were grown simultaneously to avoid any difference in the composition and thickness of the ferrimagnetic layers ͑a metallic mask covered the coupled sample during the Si layer deposition͒. For the coupled sample, the interfacial exchange coupling between the layers is dominated by the Fe-Fe ferromagnetic exchange interaction so that the magnetizations of Gd 40 Fe 60 and Gd 10 Fe 90 are antiferromagnetically coupled.
Magnetization measurements were performed for all samples in a commercial superconducting quantum interference device magnetometer. The transport measurements were performed for each sample on two 100ϫ 400 m 2 stripes perpendicular to each other, shaped by UV lithography and Ar etching ͑Fig. 1͒. This geometry allows measuring simultaneously the resistance for a current flowing parallel and perpendicular to the applied field. The field is kept parallel to the Gd 40 Fe 60 anisotropy axis ͑Fig. 1͒. Current-inplane ͑CIP͒ magnetoresitive measurements were performed on the stripes with a 1 mA current at different temperatures from 5 to 300 K, using a conventional four-probe method in a Quantum Design Physical Property Measurement System ͑PPMS͒. In the following, the magnetoresistances are defined as ͑⌬R / R͒͑H͒ = ͓R͑H͒ − R͑0͔͒ / R͑0͒.
III. RESULTS AND DISCUSSION

A. Single films
Figures 2͑a͒ and 2͑c͒ present the normalized magnetization and magnetoresistance variations, measured at 300 K, on a Gd 40 Fe 60 alloy. This film shows a well-defined uniaxial anisotropy whose origin was previously related to the deposition geometry. 31 We measured the magnetoresistivity in the case where the current flows along the uniaxial anisotropy. If a magnetic field is applied along this axis, a constant resistance R ʈ is measured at low field ͑H Ͻ 1 kOe͒ whereas a continuous variation from R ʈ to R Ќ is observed as the external field is orientated perpendicular to the anisotropy axis ͑still in the film plane͒. The variations in resistivity in field are typical of the anisotropic magnetoresistance effect, 32 which induces a dependence of the resistivity versus the angle between the magnetization and the current ͑here kept parallel to the anisotropy axis͒ such as AMR ͑͒ = ʈ cos 2 + Ќ sin 2 . The solid lines in Fig. 2͑c͒ correspond to AMR ͑͒ using the magnetization measurement presented in Fig. 1͑a͒ and considering = arcos ͓M͑H͒ / M S ͔, where M S is the magnetization at saturation. The very good agreement between the AMR ͑͒ and the experimental data indicates that AMR effect is sufficient to explain the Gd 40 Fe 60 magnetoresistance variations for field H Ͻ 1 kOe. The same conclusion is obtained concerning Gd 10 Fe 90 alloy whose magnetization and magnetoresistivity variations at low field are shown in Figs. 2͑b͒ and 2͑d͒. The hysteresis curves measured with field applied in the film plane along the easy and hard directions are almost identical. No strong uniaxial anisotropy exists for the Gd 10 Fe 90 composition but the demagnetization field keeps the magnetic moments in the film plane. The resistivity measurements show two constant behaviors, with = ʈ or = Ќ when the field is applied parallel or perpendicular, respectively, to the current flow. Only small variations in resistivity due to AMR effect are observed close to zero field as the magnetization reverses. In the inset of Fig. 3 , we compare the resistivity ʈ for Gd 40 Fe 60 and Gd 10 Fe 90 that we measured with previous values reported in the literature on amorphous Gd x Fe 1−x films. [33] [34] [35] [36] [37] These resistivities are high as compared to usual crystalline or polycrystalline ferromagnetic films but are common for amorphous or disordered materials. 16, 38 The longitudinal resistivity ʈ and the resistivity difference ʈ -Ќ evolutions for Gd 40 Fe 60 and Gd 10 Fe 90 single films are presented as a function of temperature in Figs. 3͑a͒ and 3͑b͒. A decrease in ʈ -Ќ is observed for both alloys as the temperature increases. Such behavior is a common feature for both amorphous and crystalline metals. 39 However, unlike in single-crystal and polycrystalline films, the longitudinal resisistivity is also found to decrease as the temperature increases. Our data are in perfect quantitative agreement with previous measurements performed on amorphous Gd x Co 1−x alloys and described in Ref. 40 . This linear variation in temperature observed in most of the normal and magnetic amorphous metals, as well as the high value ʈ Ͼ 100 ⍀ cm, is usually explained by a Faber-Ziman-theory extension considering the influence of structural excitations, such as that of phonons on the multidiffusive transport. 14, 41 In Fig. 4 are presented the normalized resistance variations in Gd 40 Fe 60 and Gd 10 Fe 90 as a function of the magneticfield amplitude. Anisotropic magnetoresistance can account for the low-field behavior as described previously ͑Fig. 2͒. However AMR does not explain the positive and linear highfield slope shown in Fig. 4 . From 1 to 70 kOe, an increase in resistivity is observed for both measurements with field parallel or perpendicular to the current flow. We note that ⌬R / R at high field ͑e.g., 70 kOe͒ is ten times stronger in Gd 10 Fe 90 than in Gd 40 Fe 60 . Moreover ⌬R / R stays almost constant as a function of temperature for Gd 40 Fe 60 whereas, in the case of Gd 10 Fe 90 , it decreases from 0.3% to 0.15% as the temperature decreases from 300 to 50 K and is constant for lower temperatures. Such an increase in the resistivity with field has already been studied in several magnetic-disordered materials such as Fe 90−x Co x Zr 10 , 42 Fe 1−x Co x Si, 43 GdCo 3 , 44 or more recently in Fe and Ni constrained thin films. 45 To our knowledge, only electron-electron interference, i.e., Coulomb-effect-related theories, can account for such an unusual linear positive magnetoresistance for temperature up to 200 K. This theory has particularly been successfully used in Ref. 44 to explain the high-field magnetoresistance behavior of amorphous GdCo 3 films. Figure 5͑b͒ shows the magnetization of the coupled sample as a function of the field magnitude at 50 K. A three step loop is observed. We used a one-dimensional ͑1D͒ micromagnetic simulation to characterize the magnetic configuration adopted by Gd 40 Fe 60 ͑30 nm͒ / Gd 10 Fe 90 ͑30 nm͒ as a function of the field. This model has already been successfully used in previous works and is described in detail in the Refs. 24 and 25. The depth-dependent magnetic profile is obtained by minimizing the surface energy including exchange coupling, anisotropy, and Zeeman energies. In the present work, the bilayer is considered to be made of 60 plans of laterally uniform magnetization. Temperature is only taken into account by changing the magnetization and the anisotropy values. We used the following parameters to reproduce the magnetization curve presented in Fig. 5͑b͒ : the saturation magnetization M Gd40Fe60 = 1050 emu/ cm 3 and M Gd10Fe90 = 630 emu/ cm 3 , the anisotropy constants K Gd40Fe60 = 1.3.10 5 erg/ cm 3 and K Gd10Fe90 = 3.1.10 4 erg/ cm 3 , and the bulk-exchange stiffness A Gd40Fe60 = 5.10 −7 erg/ cm and A Gd10Fe90 = 2.2.10 −7 erg/ cm. Magnetization and anisotropy values were measured on the single layers and are close to those used in our previous studies. 24 The volumic exchange constant has been calculated using a mean-field theory developed in Ref. 30 and then adjusted by fitting experimental results. The interfacial antiferromagnetic exchange coupling across the Gd 40 Fe 60 / Gd 10 Fe 90 interface is adjusted to J = −1.5 erg/ cm 2 . The calculated curve matches very well with the experimental data as shown in Fig. 5͑b͒ . Simulated magnetic configurations at 50 K are presented in the inset of Fig. 6 . Since the magnetotransport effects mainly involve the transition-metal sublattice, 46, 47 we show only the Fe spins orientation as a function of the depth in the bilayer. At low field, the antiferromagnetic interface coupling energy dominates the total energy and the Gd 40 Fe 60 and Gd 10 Fe 90 stay antiparallel to each other. The Gd 40 Fe 60 magnetization is kept parallel to the field direction to minimize the Zeeman term. Note that the absolute magnetizations at saturation and on the low-field plateaux are identical in the coupled and uncoupled sample which confirms identical magnetic layer thicknesses in both multilayers ͓Figs. 5͑a͒ and 5͑b͔͒. For fields larger than 250 Oe, an iDW is introduced in the depth of the bilayer resulting from the competition between the antiferromagnetically coupling and the Zeeman energy due to the field ͑inset of Fig. 6͒ . The size of the domain wall decreases as the applied field increases from 250 to 70 kOe. In Fig. 6 are plotted the calculated domain-wall size as a function of the field at 300 and 50 K. This iDW size is extracted from the simulated magnetic configurations with the limits of the domain wall considered when the slope of the magnetic profile is less than 1 degree/nm. Simulations have been performed for a range from 300 to 5 K. The DW compression as the field increases is similar for all temperatures but the domain-wall size for one particular field slightly decreases as the temperature decreases. As an intermediate conclusion, the bilayer system allows inducing and controlling the size of an interfacial domain wall as a function of the field amplitude. On the contrary, in the uncoupled sample, although the GdFe alloys are identical to those in the coupled sample, the absence of coupling prevents the formation of an iDW. Note that the absolute magnetizations at saturation and on the low-field plateaux are identical in the coupled and uncoupled sample which confirms identical magnetic-layer thicknesses in both multilayers ͓Figs. 5͑a͒ and 5͑b͔͒.
Magnetotranport properties
Magnetoresistance measurements were performed on both uncoupled and coupled samples The absolute stripe resistance is about 70 ⍀ ͑corresponding to an average resistivity of 210 ⍀ .cm͒. A difference in resistance of 1 ⍀ was found between the coupled and uncoupled stripes. This variation can be explained by the Si layer resistance only present in the uncoupled sample and/or resistance contact discrepancies. The maximum difference measured between two perpendicular stripes of the same sample was found to be less than 0.1 ⍀. We verified that these differences do not influence the following results. 48 Figure 7͑a͒ presents magnetoresistance variations for the uncoupled sample as a function of field at 50 K. A linear increase in resistance is measured for both perpendicular stripes when the field increases up to 70 kOe. For fields H Ͻ 1 kOe, a symmetric behavior in the two stripes' magnetoresistance of the uncoupled sample is presented in Fig.  7͑c͒ . This angular dependence is typical of the anisotropic magnetoresistance effect, 32 which induces a dependence of the resistivity on the angle between the magnetization and the current. When the field is kept parallel to the ferrimag- netic layers' anisotropy axis, no AMR variation is expected. In the case where the current flows along the field direction, the resistivity is maximum ͑ ʈ ͒ and in the perpendicular case, the resistivity is minimum ͑ Ќ ͒. A small peak around zero fields can be observed, typical of AMR signal occurring during the magnetization reversal.
Magnetotransport measurements performed at 50 K on the coupled sample are shown in Figs. 7͑b͒ and 7͑d͒. To confirm that low-field magnetoresistance variations ͓Fig. 7͑d͔͒ are only due to AMR effect, the theoretical AMR values were calculated from the calculated magnetic configurations ͑Fig. 7͒. In our numerical simulation, the total conductance is considered as equivalent to that of parallel slides of the magnetic material at different depth z, having different magnetization orientation ͑z͒ with respect to the current direction. Its expression can then be written as follows:
where the longitudinal resistivity ʈ and the resistivity difference Ќ -ʈ values were measured on single layers. A good agreement is presented in Fig. 7͑d͒ between the experimental data and the micromagnetic calculation in the case where the current flows along the magnetic-field direction. For 0 Oe Ͻ ͉H͉ Ͻ 250 Oe, the two layer magnetizations are antiferromagnetically coupled and the AMR value is constant and maximum ͑The Fe magnetization is aligned with the current in the whole structure͒. At ͉H͉ = 250 Oe, since the DW is nucleated at the interface of the bilayer, a magnetization component appears perpendicular to the current direction and the AMR contribution jumps down. As the field increases, the DW extension shrinks; hence the AMR continuously increases and tends to reach its maximum value at high field, when the Gd 40 Fe 60 and Gd 10 Fe 90 magnetizations tend to become parallel. This AMR signal is typical of antiferromagnetically exchange-coupled bilayer, as already observed for GdFe/TbFe 25 or GdFe/FeSn bilayers. 49 The AMR signal amplitude measured at 50 K is about 0.3%, i.e., larger than the high-field variations of 0.15% observed on the uncoupled multilayer ͓Fig. 7͑a͔͒. To further distinguish between the AMR and the other magnetoresistive contributions, we add for each sample the signal coming from both perpendicular stripes. Due to the AMR symmetry dependence, this procedure removes any AMR contribution as described in Refs. 7, 13, and 50. In Figs. 7͑c͒ and 7͑d͒ are presented the average value calculated as ͑⌬R / R͒ average = 1 2 ͓͑⌬R / R͒ stripe1 + ͑⌬R / R͒ stripe2 ͔ for the coupled and uncoupled sample, respectively ͑adding directly the resistances or the resistivities leads to the same results 48 ͒. As expected, in both cases, the resulting average signal is constant over the whole range from −1 to 1 kOe where the AMR contribution dominates. For higher field, a positive magnetoresistive signal persists either in the coupled or uncoupled samples ͓Fig. 8͑a͔͒. This high-field linear positive magnetoresistance is similar to the one observed in single Gd 40 Fe 60 and Gd 10 Fe 90 ͑Fig. 3͒ and is related to the amorphous structure of the samples. In Fig. 7͑a͒ are superimposed the data extracted from the uncoupled sample and the magnetoresistance variations calculated from the single Gd 40 the AMR removal, at 300 and 50 K, on coupled and uncoupled samples. Although the AMR exempted curves are almost identical at 300 K, they show a clear difference at 50 K, with a discrepancy of 0.04% at 70 kOe between the coupled and uncoupled sample.
To better characterize this discrepancy as a function of temperature, we present in Fig. 8͑b͒ the difference between the high-field persistent signal from the coupled sample and from the uncoupled sample versus field at different temperatures. A continuous nonlinear decrease in resistance is observed as the field increases up to 70 kOe. The amplitude of this effect is almost zero at 300 K and increases when the temperature decreases down to 25 K ͓Fig. 5͑b͔͒. For lower temperatures, a surprising nonmonotonic behavior is observed and, e.g., the 5 K curve is closer to the 100 K signal ͓Fig. 8͑b͔͒.
IV. DISCUSSION
The high resistivity values, as well as its temperature and its field dependence measured in single Gd 40 Fe 60 -and Gd 10 Fe 90 -based films, are consistent with the amorphous structure of the film. However, some observations on the single films are still not explained. For instance, the variation in the high-field magnetoresistance with the Gd concentration in G x Fe 1−x alloys remain unclear; further systematic experimental and theoretical studies are needed in order to better understand the transport properties of amorphous GdFe alloys. Nevertheless, our measurements confirm previous results obtained on several disordered magnetic materials. To our knowledge, only theories involving electron-electron interactions, i.e., Coulomb effects, 18 were found to fit with such behaviors, as already shown in GdCo 3 alloy. 44 The comparison between the Gd 40 Fe 60 / Si͑30 nm͒ / Gd 10 Fe 90 trilayers and the Gd 40 Fe 60 / Gd 10 Fe 90 bilayers allows isolating the intrinsic influence of the domain wall on the magnetotransport. Indeed, an interface domain wall can develop in the bilayer because of the interface antiferromagnetic exchange coupling whereas the two layer magnetizations are kept uniform in the trilayer system. Moreover, since the magnetic materials are grown at the same time for both trilayer and the bilayer, a direct comparison between the two samples is justified. Moreover the size and shape of the domain wall may be well controlled by the external field.
After removing the "high-field" component of the magnetoresitance, identified as originating from the sample structural disordered, and the AMR signal, an additional magnetoresistance signal was highlighted. This signal corresponds to a nonlinear decrease in the resistance as the field increases from 0 to 70 kOe. For the most part, the amplitude of this resistance reduction increases as the temperature decreases.
Since no structural difference between coupled and uncoupled samples are expected, the additional negative nonlinear magnetoresistance should be explained by the presence of the iDW introduced in Gd 40 Fe 60 / Gd 10 Fe 90 . In that case, the decrease in the resistance with field comes from the decrease in the iDW thickness as the field increases. Considering previous theoretical results on domain-wall-induced magnetoresistance in disordered systems, such an evolution would reveal the influence of the exchange-field rotation inside the DW since the angle between two successive Fe spins increases as the external field increases ͑inset of Fig. 6͒ . Indeed Lyanda-Geller et al. 20 have calculated that the rotation of the internal exchange field inside the DW suppresses electron-electron interference in disorder ferromagnetic films and hence reduces the resistivity. Nevertheless, these authors 20 have considered the case of electron-electron interaction effects in only 1D and two-dimensional models and no direct dependence as a function of temperature or domain-wall size is deductible.
V. CONCLUSION
In conclusion, the magnetoresistive properties of an interfacial domain-wall ͑iDW͒ nucleated in a Gd 40 Fe 60 / Gd 10 Fe 90 bilayer have been studied and compared with those of Gd 40 Fe 60 / Si͑30 nm͒ / Gd 10 Fe 90 , where the Si layer prevents the formation of the iDW. At low field, the change in the interface domain-wall size gives rise to anisotropic magnetoresistance. For field higher than 1 kOe, all the samples present a positive magnetoresistance variation that appears to be an intrinsic feature of the GdFe amorphous single layers. After geometrical suppression of the AMR contribution, comparison between magnetoresistance of Gd 40 Fe 60 / Gd 10 Fe 90 and Gd 40 Fe 60 / Si͑30 nm͒ / Gd 10 Fe 90 reveals a nonlinear decrease in the resistance in the coupled sample, whose magnitude increases with increasing the field and decreasing the temperature. This additional signal is consistent with the scenario of DW reducing electron-electron interaction, 20 however, further theoretical investigations are required in order to confirm this assumption.
